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1.6 INTRODUCTION

General Dynamics Land Systems Division contuct2ed a feasipility study evaluating
automated control of the oxyfuel cutiing process for use in favrication of thns
%1 veniclie at the Lima Arwy Tank Plant. Taese efforts were performed under
contract DAAEOT-82-C-4058. ’

The nature of tasse tas«s .2d the contractor uo consult witn tiz manufacturers
of tne oxyfuel gas cutting process equipment presently instalied at the Lima
Army Tank Plant. These manufacturers are Victor Equipment Cowpany of Denton,
Texas and ESAB Heatn Gas Cutting Division of Fort Collins, Colorado.

Soutnwsst Researcn Institute (SWRI), an estadbiisned facility witno over 2,000
empioyses invoivad in a broad spectrum of app:ied scientifiz and technological
programns, was then contracted to address tnis application of current

state-of -the-art sensing and control techniques for automated coatrol of flame
cut quality. Tneir report is includad as tne appendix to tnis report. Tais
report contains a sumzary and a discussion of tneir results as welii as
conclusions and recommendations.

~

2.0 OBJECTIVES

The scope of tne efforts perlormed by SWRI and presented in Appendix A includes
isoclavion of tne paranm=ters that affect the cuttiang process and cut quality,
determination of tne variapiss with tne greatest potentizi for uss as process
gonrrol ianputbts for an autowatsd control systsm, and developument of a method to
monitor tiae fiame cul process to allow tnese tasks to be compietad. '

3.0 COWCLUSIONS
Amoug the significant findings of the SWRI report are:

(1) The metal temperaturs is the "comnon denominatos, of all cutting
problems."

(2) Relative spectral radiance of the flame cutting front can be monitored
opticaliy in the kerf.

(3) Tne reiative spectral radiance of the kerf caa Do anaiyzed,
correlatad, and is "a very sensitive indicator of kerf rtemparatur-s. M

(L) The monitored spectral radiaance providas advance indication of cut
degradation.

(5) Tae simple logic sequence presentad can be used with this advance
indication of cut degradation to determine tne cutting parameter wiich requires
correction. '

(6) Optical monitoring of the metal temperature at two points in the kerf

by means of spectral analysis could possibly function as the input for automated
: control of flame cut quaiity. ’
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4.0 REC QHAENDATIONS

In addition to these f‘ndi1bs, the SWRI report contains a description of a
realtime closed loop control system concept and some recommendations for furtiher
development. These recommendations are:

(1) A closed loop control system proof test modesl should be'eonstructed and
evaluated.

(2) After a successful demonstration of the proof test model, a production
pilot model should be bullt and then evaluated at the Lima Army Tank Pliant
foilowed by final production model installation on all cutting machines at the
Lima Piant.

5.0 DISCUSSION

Based on thne materials przsented in the SWRI report, General Dyaamics beslieves
the control system concept described shows enougn technical merit to justify
further effort; however, other factors should also be considered when reviewing
these recommendations.

Tne first additional consideration is referced to in tne contract as advantages,
disadvantages and the prowvaviiity of success. The advantages are ciear.

The stated purpose of this investigation and the main advantage of developing
automated control for the oxylfuel cutting process is improved quaiity. The
other advantages such as higner production rates, aigner productivity per
station, iower costs, rsauction of surface przparation rework resulting from
gouging and slag formation, and reduced dependence on individual operator skill
all relate to quality improvements. Successful adaptation of automated control
for this process would not only benefit the M1 veihicle, but nas potential
appiications industry-wide and woulid serve as the prototype for further
applications.

Upon reviewing the SWRI report, thne disadvantages are much less evident. As a
minimum, it is presumed that increased sophistication of the control system
would require a higher level of training in tne area of maintenance.

A furtner assessment of the probability of success raquires an evaluation of the
tecanical risks attendant in transforming a control system concept into a
physical reality. A key factor in making tnis assessment, whica would ope
accomplished in tne proposed program Phase Ila, is successful demonstration of
control loop closure and the rea.-time aspects of the control concept.

Potential savings, implementation requirements and costs, and the return on
investment {(ROI) are similarily contingent oa successful control loop closure
and operability in the production environment. The scope of this contract ended
at a description of a workable control system concept. The proposed physical
working system, the next task for development, will permit this report's rough
cost estimates to be further reflnnd. Tnese cost related factors are discussed
in ths fol;owing sections. :
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In aduivion to saving

.1 POTENTIAL CAVIRNGS

1]

Automated control of tae oxyfuel fiame cutiing process pressnis tars
areas of savin;s av tae Lima Army Tank Piant. They are reaucsd cutting ¢ycie

time, reduced rewosk and reauced grinding. ‘

Tne area of greatvest potentiai savings is the reduction of [{iame cuttingz cycle
time. Altnougn flame cut guality improvemsznt was tne primary reason for this
program, it was also ouserved that tne [iame cul rate couic p2 increassd
significantly. Tnis improvement, as well as possible reductions in torea set-up
tim2 and in preheating time, should provide a significant reduction in the flame
cut cycle time. : :

Torcn sat-up time should ve reduced because tne automatic conirsis adjust tn2
fiame auvomatically for 23cn new piate. Tals eliminates tne tim2 required [for
tne operator to manually otserve, listen and adjust tne equipmani TO achievs a
"goog" fliame. The set-up time factor is even more significant for
multipis-toren cutiing, e3specially where more tnan one cutting nead 15 involvad.
In additvion to compoundiing tne nwader of adjustments, time is generally wasted
in bringing tne preneat temperature of each nead into unison so tiae cutting
oxygen can be turned on.

torza set-up and praheacing time, thne actu
SnouLd aiso be inereasec. Because tne automated controls opuir
set-up, paris can be cut at the maximum spzed allowed by tae pay
cutting process and not Just tne speed wnere tne process will wors 33; n
the cut. ' ‘ ‘

2]
Z
3.

118
v

cycle speeds far in excess of tn2se currentiy ,
arvatively, tne oxyfuel ecutting process eycie speads’
st 20%, which corresponds to a 17% reddction in

Inaications are that proce
ovtained are possible. Jon
couid Dz increased by av 1
cycie tima.,

The2 second area of cost raduction is in grinding time. Improved cut quality
should result in a minimum of 10% raduction in grinding time.

In the same manner, reworg attributable to flams cutting defects should be
reduced. At the present time six (6) persons are assigned to rework flame
parts. Quaiity improvements couid possiole reduce these needs to 2wo \d/
pa.sons wanlch corresponds to a of% reduction in rework time.

[¢]
[
ct

Tne next coasideration invoives tae cost reductions re 3ulving [roa naa oo:ential
time savings for adapting automated contro. of tae oxyfuel proce %

Army Tank Pilant. Tnasre are two elemesnts of cost wiaien must o2 conslder-d. Tnej
are labor cost and tne cost of equipment and facilities. Inersassa ¢

speed will also decrezsz the cost of inventory, but this is an addead pius that
is not being considered nare..

The cost of labor in flame cutting, rework and grinding is approximately $30
hour. Tne cost of equipment and facilities in the flame cut area is in exeess
of $10 million with a iife of no more than 10 U years. Calculated over 10 years
the equipment cost is approximately $50 per hour based on a one-saift oparation.
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will see in the form of eguipmant

N

‘5'—3

32 are raal ©dsSis waich tne US Army
urbisnme:ns and/or new 2quipmeat by saving time, tne US Aray wiil save monsy
oy eitner exitending tne 1ife of tne current ¢nve;tmenu or by acaiaving inereas=d
outpJt witn iess refuccisnaent investment. n any case, one Cou.LuU duauf‘y in
exgess.of §80 per nour for labor and equlpaunt cost in une fiame out area. Tae
ROI analysis assumes $40 per hour. Tae rework and grinding ar2a equipment :
requirexents are negligible, therefore, the evaluation assumes $30 per hour for
iavor oniy. : ‘
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Engineering estimates of the labor hours spent on the various operations are as
foliows:

Flame cut

3.1 nours
Grinding 25.5 nours
Rework 16.0

aours
Applying the time reduction, each area would save the foliowing psr tanx:

5.8 hours

Fiame cut 3.7 x 17% =
) Grinding 25.9 x 10% = 2.6 hours
Rework 16.0 x 67% = 10.6 hours
Converting nours to doliliars based on tns combined iabor anda equipmeat rates
discussed, tine potantial savings per (11 tank are as folilows:
Fiame cut 5.8 nours x $80 = &luk
Grinding ‘ 2.6 aours x $30 = $ 76
Rework 10.6 hours x $30 = $318
Potential savings per tank total $860

5.2 IMPLEMENTATION REQJIREFENTS AND COSTS

Tne projected costs for impiemsntation of tae automated contsol for tae oxyfuel
cutting process are listed pelow and are divided into phases corresponding to
anticipated wajor milestone tasks. Tnese costs are based on rough estimates
provided by tne major parcicipants in this program wno are: eneral Dynaaxices
Land Systems Division, ESAB Heata Gas Cutting Division, Viector Equipment Company
and Southwest Researcn Institute. Thass budgatary costs are prov:des as an
approximation of the return on investuent potential.

5.3 IMPLEMENTATION REQUIREMENT ESTINATZD COST
Paase I Oxyfuei Cutting Proéess Automated $§ 134,000

Control Study

Phase Ila Proof Test Model Demonstration of ~ 300,000
Automated Control System
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Pnase IIo

Phase III

Prototype Adaptation of Automated
Control on a Lima Production sacnine

Instaiiatvi

tio
Remaining 9

n of Automated Control on
Lima Production ifachines

TOTAL COST

418,000

362,000

$1,274,000

‘5.4 RETURN ON INVESTMEHT {(ROI)

The return on invastment in terms of tne number of tanks required to be built to
recover tne progeam cost is as follows:

$1,274,000 program cost = 1,481 tanks
$ 800 savings per tank

At a production rate of 60 tanks per month, the return on investment period
would be as follows:

1,481 tanks = 24.7 montas

60 taaas per moath

5.5 CONCLUSIONS AND RECOMAENDATIONS

Based on technical and economic factors, automatad controi of the oxyfuel
cutting process using optical monltoring of the metal tesmpsrature zt two points
in the xerf as tne conirol iaput is a strong caadidate for furthesr study.

"In addition, tie stated purpose of this investigation and the main advantage of

developing automated control for the oxyfuel cutiing proecsss is improved
guality. Tne otner advantages suceh as higher production rates, nigner
productivity per stvation, lower costs, reduction of surface preparation rework
resulting froa gouging zaad slag formation, and reduced dapandence on individual
operator skill all relate to guality improvements. Succesasful adaptation of
automated control for this process would not only benefit the i1 venicle, but
has potential applications industry-widz and would serve as the prototype for
furtner application. ’
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1. EXECUTIVE SUMMARY
In September 1982, Southwest Research Institute (SwRI) was contracted by
Victor Equipment Comﬁany to conduct a feasibility study to evaluate the
oxyfuel gas cutting process. Specific objectives of the project were:

(1) To isolate the parameter(s) that show potential for use as process

control signals.

(2) To outline process control options from a relatively simple open
loop control to a more sophisticated, fully automated, real-tine

closed loop control.

The feasibility study, conducted aﬁ SwRI, employed acoustic and tempera-
ture monitoring systems for evaluating single torch perpendicular and
bevel cuts, and triple torch cuts. The acoustic monitoring employed two
high frequency (0-500 kHz) acoustic sensors and one acoustic microphone in
the audible frequency range. One of the high frequency acoustic sensors
was mounted on the plate and the other on the cutting torch. The airborne
noise was monitored by a microphone. Temperature monitoring in and around'
the kerf was conducted in both the visible and the infrared ranges using

video cameras and fiber optic systems.

The results of the feasibility study have shown that spectral radiance
(temperature) in the infrared range near the top and bottom of the cutting
front could provide control signals to minimize gouging and slag formatiom.
The results of the acoustic monitoring have demonstrated that a high fre-
quency acoustic sensor on the torch éould be used to detect abnormal tip/
torch behavior. Additionally, a high frequency sensor on the plate could
be used to monitor gouging as well as excessive slag adhering conditionms.
However, since this method works after the fact? i.e., after gouging has

initiated, the temperature monitoring method is considered more suitable.

1-1




The experimental data, supported by the literature review, lead to the con-
clusion that the common denominators of all flame cutting problems are the
temperature at the cutting front and the iron~oxygen mixture ratio. The
flame cutting parameters are interrelated because cutting speed affects
both the temperature at the cutting front and the iron—oxygen mixture
ratio,.while preheat input energy affects the temperature at the cutting

front and the cutting oxygen flow affects the iron—oxygen mixture ratio.

A real-time closed loop system is described in this report. It is highly
recommended that such a closed loop proof test model be developed and
tested; and, after a successful demonstration of the proof test model,
that a prototype model be built, and evaluated at the Lima Army Tank Plant
before making production models and installing them on all the cutting
machines at the Lima Plant.

The details of the feasibility study are provided in this report under the
following major headings: problem description, literature review, experi-

mental setup, data acquisition, data analysis, discussion of results, con-
clusions and recommendations.
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3. PROBLEM DESCRIPTION

The process of oxyfuel cutting (OFC) (also known as burning, flame cut—
ting, and flame machining) is routinely employed in cutting thick sections
of material.because it is fast, effective, and relatively inexpensive as
compared to machining. However, an equally important reason for selecting
one process over another is the quality of surface it produces on the
finished cuté i.e., in many cases, the cut materials are used in fabrica-
tion with no other surface processing, and the quality of the surfaces is

very significant.

While the cut surface quality is dependent on many variables, the most
significant for the OFC process are (1): (1) intensity of the preheat
flames and the preheat oxyfuel gas ratio; (2) size and shape of the cuf-
ting oyxgen orifice; (3) purity of the cutting oxygen; (4) cutting oxygen
flow rate; (5) cleanliness and flatness of the exit end of the nozzle; (6)
cutting speed; (7) type of steel; (8) thickness of the material; (9) qual-
ity of steel; and (10) condition of the steel surface.

For any given cut, the variables listed above have to be carefully eval-
uated to oﬁtain the required quality cut at a minimum cost. Figure 3~1
shows typical edge conditions resulting fro@ variations in the cutting
procedure for material of uniform type and thickness (2).

In order to obtain a high quality cut, tables and charts can be used to
obtain process parameter information such as most suitable diameter of
cutting orifice, cutting speed, gas flow rate, pressures, etc. for a given
material thickness. However, these values are approximate and need to be
determined for specific material. Furthermore, these tables and charts
are based upon perpendicular, single torch cuts. The characteristics of
bevel cutting and multiple torch cutting are, in many respects, very dif-
ferent from those of perpendicular cutting, and therefore most of the
available data are not applicable. Ultimately, it is operator skill and
proper selection, adjustment and operation of the cuttihg machines which

are responsible for efficient production.

3-1
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In the production environment, such as at the Lima Army Tank Plant, a
large number of components with varying thicknesses and edge configura-
tions (single vs. multiple torch, straight cut vs. bevel cut, etc.) have
to be produced at relatively high rates, with good cut quality (so as to
minimize rework). Fﬁrthermore, many of the parts have several different
edge configurations and most nests have different parts with yet other
edge preparations. Additiomally, the flame cutting operator's ability to
hear and see the cutting flames, by which a skilleg operator adjusts cut-
ting parameters, is impaired because of flame cutting setup, production
noise environment, operation of two cutting heads at the same time, and
distance between the operator and the cutting head. All this mékes the
flame cutting operator*s job extremely difficult, and it is not surprfsing

that a lot of rework to eliminate gouging and slag formation is required.

It is toward this problem of producing quality cuts during the flame cut-
ting operation that this study is directed.
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4. LITERATURE REVIEW
An elaborate literature search was conducted to determine the following:
. Pﬁysics of the flame cutting process.

* Specific cutting préblems assoclated with the perpendicular, bevel
and multiple torch cuts and their remedies.

» - Methods to monitor and (possibly) control the flame cutting process.

The search was conducted through Metals Abstracts and the DIALOG informa-

tion retrieval service data base offered by Lockheed Missiles and Space
Conpany. The literature search revealed that relatively few scientific
papers on the flame cutting process have been published through the years.
Most of the literature was on single torch perpendicular cutting (1-7).
Very little information was found on bevel cutting (8), triple torch cut-
ting (1) and flame cut monitoring (11). A bibliography on the subject has
been included in Appendix A for reference purposes. In fhis chapter, the
flame cutting process and the effect of various process parameters on cut

quality and flame cut temperature monitoring are discussed.

4.1 Physical Principles of Oxyfuel Gas Cutting Process

The oxyfuel gas cutting process involves an active exothermic reac-
tion of the metal with high purity oiygen, with sufficient heat generation
by the oxidation of metal, to continuously preheat the material ahead of
the cutting flame. Chemically, iron when heated to its ignition temper-
ature above 1535°C combines rapidly with high purity oxygen to oxidize as
follows (1):

(1) Fe + 0 -——=Fe0 + heat release (267 kJ), first réac:ion
(i1) 3Fe + 207 —#= Fe30; + heat release (1120 kJ), second reaction
(1i1) 2Fe + 1.502-=Fe303 + heat release (825 kJ), third reaction




The larger heat release of the second reaction predominates that of the

first reaction. The third reaction occurs to some extent in heavier cut-

ting applications. Figure 4-1 shows a schematic representation of the

cutting process. Essentially the high purity oxygen jet is surrounded by

preheat flames. The purpose of the preheat flames is to (1) heat the

metal for initiation of the flame cutting process, (2) provide an addi- :
tional heat source besides the exothermic reaction to sustain the cutting

process, by maintaining a molten metal film and fluid slag, (3) shield the

POINT OF POSSIBLE
PREHEAT
INDUCTION

INCREASING TURBULENCE
WITH ESTABLISHED DRAG
MAINTAINING REACTION
RATE TO MATCH TOP EDGE

RIIB
23402
FIGURE 4-1. SCHEMATIC REPRESENTATION OF THE FLAME CUTTING PROCESS.

Molten steel layer is present at the cutting front. High purity
cutting oxygen diffuses through slag to oxidize irom (3).
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high purity oxygen jet from turbulent interaction with air or contamina-
tion, and (4) dislodge rust or scale. The purpose of the cutting oxygen

is to provide the oxidation reaction and to remove slag from the kerf.

The oxidation process begins at the top surface of the plate immedi-
ately below the cutting oxygen jet and progresses forward at the speed of
the cutting torch and tip assembly. The oxygen jet travels in the through-
thickness direction, partly oxidizing iron and converting it into oxide
slag (causing oxygen jet momentum to decrease). A;so, the proportion of
gaseous impurities at the reaction surface increases, as does the amount
of oxide slag in the through-thickness direction. The speed of cutting is
determined by the speea at which thé oxidation reaction at the bottom of
the kerf can be sustained. Beyond a certain speed 'drag' develops because
the reaction at the bottom of the kerf with the depleted oxygen supply is
maintained at the same rate as at the top. This causes an increasing
breakdown of the liquid molten metal f£ilm, and mixing by the increasing
angle of incidence of the jet. As a result of the greater mixing and tur-
bulence, there is gouging of the faces (3). Proper selection of cutting
" equipment (torches, tips,'regulators, etc.) and process parémeters (pre-
heat fuel flow, cutting oxygen and spéed, etc.), and proper adjustments

are required to produce quality cuts (1,2,4).

Jezek (4) and others (1,2) point out that speed, cutting oxygen flow
rates and preheat are critical to producing good quality cuts. An analysis
of the available literature on the flame cutting process points to the fact
that cutting speed, cutting oxygen flow rates and preheat conditions pri-
marily affect temperature distribution in and around the kerf and the mix-
ture of cutting oxygen and iron. The cutting parameters, and how they
affect temperature distribution in the kerf or the cutting‘oxygen and
metal mixture or both, are discussed in Subsections 4.l.1 and 4.1.2, with
speed being a dependent variable.
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4.1.1 Preheat

No more preheat is needed than required to bring the metal
to kindling temperature (4). Several factors may affect the preheat input
to bring the metal to kindling temperature. They are:

(1) Type of fuel gas

(2) Ratio of fuel gas to oxygen

(3) Pressure of preheat gases

(4) Tip type, size and height

(5) Cutting speed

(6) Thickness of'plate

(7) Nesting

(8) Surface condition

(9) Chemical composition of material
(10) Angle of cut

Fay (5) and Anthes (6) have shown that type of fuel (prOp;ne
vs. natural gas, etc.) and stoichiometric ratios significantly affect heat
transfer intensity and therefore temperature distribution in a plate.

" Furthermore, the temperature distribution is dependent on preheat gas pres-
sures, since the gas flow pressure is directly proportional to the veloc-
ity of the gases, and transfer of heat from flame to métal is partly depen—
dent on the impingement of the hot gas molecules on the surface of the
metal plate. The type and size of tip also influence heat transfer, since
they contribute to gas flow (1,2). Fay and Anthes have also shown that

the heat transfer intensity is greatly affected by the distance of the tip
from the metﬁl.

Higher cutting speed, obvibusly, lowers preheat and the qual-
ity of the cut goes down. The higher cutting speed may cause formation of
excessive slag at the bottom of the cut that is hard to remove aﬁd/or
leaves distinct drag line markings. The cut quality also goes down when
the cutting speed is too slow. In this case, excessive gouging may occur,

the top edge may roll over, thinner plates may warp and beads may form at
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the top of the plate. All these degradations in cut quality are related
to excessive temperature of the plate and, in the case of gouging, to
excess supply of cutting oxygen available for oxidation, which is further

dependent on the temperature distributionm.

Although thicker plates require more heat input, they do not
require any more than absolﬁtely necessary to bring the plate to kindling
temperature. This aspect was researched and reported by Baikova and
Sumrin (7). Their experimental and analytical results show that although
heat input requirements for different thicknesses of material are differ—
efit, the cutting process maintains a maximum temperature of 1200-1300°C.
Their experiments were conducted on material thicknesses ranging from 12 mm
(0.5 in) to 40 mm (=1.5 in). Their analytical work also shows that approx-—
imately 66 percent of the energy for preheating is provided by preheating
flame and 34 percent by the exothermic chemical reaction. It must be
pointed out that for thicker materials lower prehe#t flame input may be
tequired because of slower cutting speed (§)Aand also because of heat
release (825 kilojoules of heat energy per centimeter) due to the forma-

tion of Fey03 (equation 3) (1).

Nesting c0u1d'have significant affects on preheat require-
ments, depending on the size of the components to be cut, and the type and
number of cuts. This is due to the fact that as the plate temperature
rises, lower preheat is required (l). Antonov, Spektor and Shishlovskii (9)
have shown a linear deﬁendence of flame preheat transfer to the tempera-
ture of the plate (attained due to prior cutting or heating), i.e., the
higher the plate temperature, the lower the preheat required.

Spies (8) has given a detailed analysis of bevel cutting.
His results show that the preheat input requirements to achieve proper
metal temperature for bevel cutting are significantly different from those
for perpendicular cutting. Furthermore, the thinner material requires
more preheat than the thicker material, as shown in Figure 4~2. One of

the reasons for higher preheat requirements for bevel cuts is the relative
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FIGURE 4~-2. TYPICAL PREHEAT REQUIREMENTS FOR BEVEL CUTTING
VARIOUS MATERIAL THICKNESSES (8)

area which is heated and the angle of impingement of the flame, as illus-
trated in Figure 4-3. The reason why thinner materials require 2-10 times
higher preheat than thicker materials for the same bevel angle is not very
apparent (8). Nevertheless, preheat input requirements for bevel cutting

could be significantly different than those for perpendicular cutting.
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FIGURE 4-3. COMPARISON OF PREHEAT AREA IN PERPENDICULAR
: AND BEVEL CUTTING (8

, The above discussion demonstrates ‘that most factors influ-
ence heat transfer from preheat flames to the plate, and since it is nec-
essary to bring the plate to kindling temperature for the cut to proceed
smoothly, temperature monitoring could be effectively used in a flame

cutting process control system.

4.1.2 Cutting Oxygen

The function of the cutting oxygen is to provide the oxida-
tion reaction and to remove molten slag from the kerf. If the cutting
pressure is too high it causes too wide a kerf and the cut is generally
poor quality because the face of the plate is rough and ifregular, partic~
ularly near the top part of the cut. Additionally, some of the oxygen may
blow back out of the kerf, depositing beads of molten metal on the top of
the plate (4). With low oxygen pressure, it is often difficult to start a
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cut, since the cutting oxygen stream does not have enough force to oxidize
all the way through the plate. The following factors influence the require-

ments for cutting oxygen:

(1) Cutting speed

(2) Tip size and type

(3) Pressure of cutting oxygen

(4) Purity of oxygen

(5) Thickness of plate

(6) Chemical composition of material

If the cutting speed is too low, availability of excessive
oxygen combined with excessive preheat could cause gouging. This results
in an uneven temperature distribution in the kerf. Therefore, temperature
monitoring can indicate cut quality and could be used as a control of cut-
ting parameters. Matsunawa et al. (1l1) have monitored the flame cutting
process and demonstrated that the cutting flame extinguishes completely
and ignites again under certain conditions. Figure 4-4 (l1) shows rela-
tive temperature measurements as a function of time at five locations in
the kerf. The ignition—extinction-reignition cycle 1is evident from this
figure. 1If the cutting speed is too high, the cut may not get started or
may be lost after it has been initiated. In other words, since the oxida-
tion process does ﬁot occur appropriately the temperature must be affected,
and therefore it should be able to'act as a control signal.

Tip size and type determine the amount of oxygen that flows
through the nozzle tip and its velocity. If the flow rates are too low
the cutting oxygen stream may not be able to push out the molten slag from
the kerf, thereby raising the temperature in the lower part of the kerf.
On the other hand, 1f flow rates are too high the molten slag is pushed
out of the kerf and the temperature 1is relatively lower in the lower part
of the kerf (1,2,4).

4-8




No. 1

f

=

’ NOZZLE

i ' . CUTTING
o

¢

]

—n, o [ S— j._‘ No.2 DIRECTION

E

é ;__l\ —_ }\ . L No.3 . W//ﬁ

[T S S G VO
= o NN 777/
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ING (11). Light intensity (relative temperature) at five locatioms
within the kerf as a function of time (a) showing extinction and

re~ignition for sensor location Nos. 2 to 5.

The purity of cutting oxygen can have significant effects on
cut quality and overall cutting efficiency. Lower purity reduces the effi~
ciency of the cutting operation. A one percent decrease in oxygen purity
will result in a decrease in cutting speed of approximately 15 percent and
an increase of about 25 percent in the cutting oxygen consumption (1).
Also, Wells (12) has shown that cutting efficiency significantly depends
on carbon content of the steel. One percent of carbon in the steel had
the same suppressive effect as 6.2 percent of nitrogen in the cutting oxy-
gen. The increase in cutting oxygen and the reduction in cutting speed
could be explained on the basis of the fact that more oxygen is required
for oxidation purposes because of impurities; and also that less heat is
released from the exothermic process and, therefore, more heat must be
supplied by reducing the cutting speed.

Unlike preheat, the requirements of cutting oxygen in bevel~
ing are very similar to those of perpendicular cutting. The cutting
oxygen requirements in beveling have been found to be solely dependent on

the thickness of the cut through which the cutting stream passes (8).
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Finally, it can be concluded from the literature search that
temperature is the single most important parameter which could be used to

monitor the cut quality.
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5. EXPERIMENTAL SETUP

Two essential parts of the experimental setup necessary to perform this
feasibility study were related to the setup of flame cutting equipment and
that of the spectral radiance (temperature) and acoustic monitoring sys-

tems. The following subsections describe both setups in detail. ’

5.1 Cutting Torch Setup

A separate area of the Welding Research and Development laboratory
was chosen to set up the cutting equipment furnished by the Victor Equip~
ment Company of Denton, Texas. This laboratory area was suitable to pro-
vide the setup required for the instrumentation as well as the cutting
operations. A view of the setup is shown in Figure 5-1. A special cut~
ting table was built to allow water cooling of the plate and to secure the
carriage track assembly. The equipment provided by Victor included the
track and carriage assembly, four torches (two special short beveling
totches),'a variety of machine cutting tips (high preheat, high speed, and
general purpose tipé). Also provided was a series of flow meters with sep-
arate gauges and solenoid valves for the bevel cutting studies. The cut-
ting setup and the initial paraméters for the studies were established
through close consultation with Victor representatives Messrs. Roger Zwicker,
Ben Jezek and Jack Minser. The Victor standard cutting chart parameters
were used as a reference to establish the settings for the various types
and sizes of tips. The experimental setup allowed single torch perpendic-
ular and bevel cutting as well as triple torch cutting of armor plate mate-
rial. Appendix B describes a few specific problems encountered with the
cutting apparatus and with development of the cutting technique.

The criteria used to determine or grade the quality of cuts included:
(1) Smooth finished plate surfaces

(2) Clean and square edges free of slag deposits
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Those cuts which exhibited any rough plate faces, gouging, pits,
féﬁnded edges, excessive dross or slag, too much drag or loss of cut were
considered bad cuts; they would require conditioning or rework. The set-
tings and conditions were established to produce poor quality cuts by vary-

ing and recording individual parameters as.follows:

(1) VWhen the travel speed is too fast, the top edge remains clean
and square while considerable slag adheres to the bottom due
to incomplete oxidation. Occasional gouges can be seen and

pronounced draglines slant away from the direction of the cut.

(2) When the travel speed is too slow, the top edges are rough and
uneven due to prolonged exposure to the flames. Considerable
slag usually adheres to the bottom edge. Severe gouges are
produced by the erratic wandering action of the high pressure

° oxXygen stream.

(3) . When the cutting oxygen pressure is too high, the top edge is
' uﬁeven and dished out as the excessive pressure causes the oxy-
gehh stream to expand. upon entering the plate. The sound of

‘this cut 1s exceptionally loud.

(4) When the cutting oyxgen pressure is too low, the lower portion
of the plate face is rough and somewhat gouged due to the oxy-
gen stream lacking sufficient pressure to penetrate. Consider—

able slag adheres to the bottom edge.

(5) When too much preheat is used, the top edge of the plate shows
a rounded appearance and is somewhat melted away by the exces-
sive preheat flame. Beads of molten metal form on the top
edge and considerable slag is produced due to the large amount

of metal being melted away.
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(6) When too little preheat 1s-used, the top edge is slightly
rounded and out-of-square. Occasional pits and gouges along

with distinct draélines can be seen on the plate face.

(7) When the tip is too far from the plate, the to§ edge shows
. signs of being blown away similar to the effect of too much

oXygen pressure.

(8) When the tip is too close to the plate, the preheat flames
interrupt the cutting oxygen stream causing the upper
portion to appear rough and uneven. Occasional gouges may

appear on the face of the plate.

The first task was to make good quality straight cuts on various
thicknesses (3/4, 1, 1-1/4, 1-1/2, and 2 inches) of armor plate using
general purpose high speed machine cutting tips HPN, MIHN, and GPN (tips
supplied by Victor Equipment Company). No difficulty was encountered on
the perpéndiculat cuts in armor plates (obtained from various manufactur-—
ers) versus carbon stéel plates. The range of preheat, travel speeds and
flow rates for quality cuts was found to be very wide. '

In the second task, (single) bevel cutting parameters were estab—
lished and recorded before attempts at triple bevel éutting were made.
Various thicknesses were used to establish single bevel cutting parameters.

Several triple torch cuts were also made. Various parameters were
used until good cuts could be produced. The greatest difficulty was in
preheating for ignition, particularly for the third trailing torch.

The first attempt to initiate the trailing torch cuts was to pause
the travel when each torch reached the starting edge of the plate. This
technique was unsuccessful because the first and second torchesigouged the
plate during the pauses. The second approach was to use a hand-held pre-
heating torch to preheat a localized region (where the second and third
torches were to cut). On greater plate thicknesses (>2 inches) the hand-
he;d preheat was necessary on both the top and bottom edges of the plate.
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Variations of the parameters, developed for good triple torch cuts,
were tried. Considerable variatioms apparently can .be made without chang=-

ing the quality of cut.

5.2 Flame Cut Monitoring Setup

The experimental setup for evaluation of parameters related to the
quality of cut in flame cutting of armor plate was designed to provide a
record of the visible and audible conditions for a range of cut quality.

The visible and audible recording was made by a video tape and cameré sys—
tem while an acoustic emission system was used for recording high frequency
acoustic noise. The instrumeniation used for these experimental measure-
ments is illustrated schematically in Figure 5-2. The cut quality was
changed by varying the speed, cutting oxygen, or preheat over a wide range,
sufficient to produce poor quality cuts at the extremes. The parameter
ev#luation was carried out on single torch perpendicular cuts. The selected

parameters were verified on bevel as well as triple torch cuts.

AE AMPLIFIER

-

PREAMPS
AE SENSORS - } g
AMS
PLATE out
@ 2PEN CHART
RECOHDER

MICROPHONE
CAMERA 1 .
2CAMERA VIDEO TAPE
MIXER RECORDER

YY

CAMERA 2 (r i\A ;

MONITOR OSCILLOSCOPE

RIS

FIGﬁRE 5-2. BLOCK DIAGRAM OF INSTRUMENTATION USED TO MONITOR
FLAME CUTTING PROCESS
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5.2.1 Spectral Radiance Monitor

In order to record spectral radiance (a variable .which could
be related to the temperature of the molten metal at the cutting front dur-
ing flame cutting), a Wratten #70 filter was placed in front of the video
camera lens. This limited the wavelength interval viewed by the camera
lens to between 0.68 and 1.0 microms. In this wavelength range, a one per-

cent temperature change will cause a 10-20 percent change in the spectral
radiance.

The relative spectral radiance is related to the temperature

and the recorded data by the following equation (13).

1
T, = |
L (1)
ooy ‘
o S Y

where,

To = reference temperature

Vo = voltage from "line grabber”™ at reference point
Vy = voltage at measured point

T; = temperature at measured point

0.84 x 10~6 m (center of filter range)

>
L}

a radiation constant

(g
%)
"

Section 7 provides details of the derivations for Equation 1.

The video tape containing spectral radiance data was ana-
lyzed quantitatively using a “line grabber™ technique to convert selected
horizontal scan lines of the video image into quantitative plots of the
relative spectral radiance at various positions through the cutting froat.
The relative spectral radiance monitoring system was implemented in four
different configurations in order to determine the optimum arrangement to

monitor cut quality and is described as follows.




1) Stationary Camera

A stationary camera set-up as illustrated in Figure 5-3
was evaluated using a 20-90 mm zoom lens. The lens was
adjusted to view the full length of the cut. This
arrangement was unsatisfactory because the distance
from lens to cutting front changed and the posifion of
the cutting front image on the video tape recorder
(VIR) frame moved from bottom to top of the video frame
as the cut was made. These variables introduced errors

into the evaluation of relative spectral radiance data.

VIDEO TAPE
RECORDER
—
TV CAMERA
-~
TORCH P
/-/ 7
Pl //
cAR | -~ ,///
A
l ’ ~
=\ ' 7 /”, TRACK
~
7
\ .~ PLATE
A\ TABLE
R30318
723408

FIGURE 5-3. STATIONARY CAMERA USED TO RECORD THE MOVING CUTTING
FRONT AND SHOW THE FULL LENGTH OF THE CUT

(2) Trailer-Mounted Camera

The video camera was made stationary with respect to

the cutting front by mounting the camera on a trailer
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behind the cutting torch dfive car. In order to posi-
tion the camer to view the cutting front through a
minimum length of the kerf, it was necessary to mount
the camera 20-30 inches above and behind the cutting
torch, as shown in Figure 5-~4. This arrangement was
very sensitive to vibration of the drive car and irreg-
ularities of the drive car track. The image jitter

was unsatisfactory.

VIDEO TAPE
RECORDER

TV CAMERA J

//’
/7 //
7y
TORCH J
I
o ,,// / TRAILER
DRIVE CAR i/ /
}""IS”/’ (@] JRACK
\J
/ PLATE .
WV TABLE : R:G18
: T2
FIGURE 5-4. TV CAMERA ARRANGEMENT FOR DIRECT VIEW OF FLAME CUT

THROUGH THE KERF. The image of the cutting front was statiomary
as the cut progressed. .

3

Camera and Mirror Setup

A satisfactory arrangement was found in the use of a
mirror mounted on the torch drive car to direct the
view of the v;deo camera into the kerf from a steep

angle while the camera was mounted low on the traiiér




(see Figure 5-5). The steep viewing angle provided a
clear view‘df thevcutting front and the low mounting
of the camera provided a steady image at a fixed posi-
tion on the video monitor. This setup was used for

data recording on single torch, perpendicular cuts.

VIDEO TAPE
RECORDER

TORCH '
e :
| o = ITVCAMERA
DRIVE CAR ' m=g
Y TRAILER
L4 ]
} ¥e) 0] TRACK
/| rate
TABLE
: \\ rae
72410

FIGURE 5~5. TV CAMERA ARRANGEMENT TO ACHIEVE A STEEPER VIEWING
ANGLE INTO THE KERF AND ELIMINATE THE VIBRATION PROBLEM

" (4) Camera and Fiber Optic Setup

The camera—mirror arrangement was unsatisfactory for
bevel cutting because the mirror would not follow when
the bevel cut angle was changed. A fiber optic device
was attached to the camera in place of the zoom lens
and attached to the cutting'torch, as shown in Fig-

ure 5~6. In addition, the fiber optic objective lens
was small enough that multiple torches could be instru-
mented individually when the triple torch evaluation

was performed.
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VIDEO TAPE
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FIGURE 5-6. FIBER OPTIC CABLES USED TO INSTRUMENT MULTIPLE TORCH
CUTTING SETUP. The fiber optic objective lenses were attached to
the torches.

5.3 Acoustic Monitor

A cutting torch operator uses both visible and audible clues to
adjust the torch for quality cutting. Therefore, the noise made by the
cutting process was recorded at three points in otder to evaluate the
possibility of using the noise as a parameter for automatic control of
flame cutting quality. The setup for the acoustic monitors is shown
schematically in Figure 5-7.

5.3.1 Clamp~on AE Sensors

The sound of the gases flowing in the torch and the sound of
the cutting process in the plate were monitored by high temperature acous-

tic emission (AE) sensors and the root mean squared (RMS) amplitude was
recorded on a strip chart using an RMS converter.

An AE sensor was attached to the torch using a clamp—-on
acoustic waveguide assembly. A preamplifier of 40 dB gain in a frequency
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FIGURE 5-7. ACOUSTIC EMISSION SENSORS MOUNTED ON TORCH AND PLATE
USED TO MONITOR CHANGES IN CHARACTERISTIC SOUND AS CUT PROGRESSED.
A microphone near the plate was used to record airborne noise on
the VIR sound track.

range of 50 kHz to 1.0 MHz was used to condition the signal before connec-
tion to the RMS converter. This sensor was used to evaluate the sensitiv—
ity of high frequency acoustic noise to changes in fhe flow of gases in ‘
the torch due to tip damage. .

Another clamp-on AE sensor was mounted on the plate to evalu-
ate the relation between high frequency acoustic noise and degradation of
cutbquality. A preamplifier of 40 dB gain in e frequency range of 50 kHz
to 1.0 MHz was used to condition the signal before connection to the RMS

converter.

5.3.2 Microphone

A microphone mounted near. the plate was used to record the
flame cutting noise in the audible frequency range on the sound track of
the VIR. The noise from the flame cutting operation was expected to
provide intelligence related to cut quality or to the onset of degraded
cut quality. '
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6. DATA ACQUISITION

Initial practice cuts were made using ordinary mild steel plate and this
opportunity was taken to develop the data acquisition protocol for sub—
sequent flame cutting on armor plate. The process of video tape recording
the image of the cutting front for quantitﬁtive analysis and comparison
with cut quality was developed at fhis time. The study of flame cutting
parameters was carried out on perpendicular cuts in 1.5~inch thick armor
plate. The results were verified on bevel cuts in 1.25-inch thick armor
plate and confirmed on triple torch cuts in 2.5-inch thick armor plate.
The raw data sﬁowing various cutting parameters and resulting cut quality

are included in Appendix C.

6.1 Perpendicular Cuts

A total of 93 perpendicular cuts were made in 2-inch thick carbon
steel plate and l.5~inch thick armor plate. Armor plate from several
different manufacturers was used. The cut pleces were identified and

correlated with the cutting parameters. The video and acoustic data were

cataloged for later analysis.

The procedure for data acquisition on perpendicular cuts was to
start from cutting parameters which produced consistent high quality cuts
and vary one parameter at a time until poor quality cuts were produced at
both extremes of the variable parameters.

The variable parameters were cutting speed, cutting oxygen flow/
pressure, and preheat input. The preheat fuel-oxygen mixture was varied
on some cuts but the variable of interest was the heat input from the
‘preheat flame. The tip~to—-plate spacing was not considered a variable
because this parameter is automatically controlled on the cutting machines

in the Lima Plant.




The video tape recordings were reviewed and identified for later
analysis by the "line grabber”™ technique. The sound track of the VIR was
reviewed and the position of the microphone was varied in search of a
suitable monitoring location. However, nonises extraneous to the cutting
process'we:e found to sefiously degrade the sound record. Strip chart
records of the RMS amplitude of the acoustic noise were also identified
for later correlation with the cut surface of the plate.

6.2 Bevel Cuts

A total of 61 bevel cuts were made in 1.25~inch and l.5-inch thick
armor plate in order to verify that the control parameters identified for
perpendicular cuts would be effective on bevel cuts. A series of practice
cuts were made in order to develop a technique for making quality bevel
cuts. Then the cutting speed, cutting oxygen, preheat oxygen, and preheat

fuel were varied to produce poor quality cuts at the extremes of each
parameter.

The video camera system was changed for the bevel cutting because
the mirror arrangement could not easily be directed to view into the bevel
cut. Instead, the fiber optic arrangement was set up so that when the
angle of the torch was adjusted the view into the bevel cut did not change.

A series of 14 bevel cuts in 1.25-inch thick armor plate were made
with all parameters held constant except the cutting speed. Speed was
varied from 4 inches/minute to 15 inches/minute. At 15 inches/minute, it
was not possible to sustain the cutting flame and at 4 inches/minute,
excess melting of the top surface occurred and intermittent gouging was
observed. The preheat oxygen and the preheat fuel were varied individu-
ally in a series of 16 bevel cuts in order to verify that each parameter
affe;ted the temperature of the cutting front and that the cut quality was
affected in a similar way. )




The bevel cut data were recorded on video tape for later analysis.
The records of cutting parameters were identified with each numbered cut
plece. Particular attention was given to identification of the finished

side of gach cut.

6.3 Triple Torch Cuts

Triple torch cuts were made to verify the transferability of the temr
perature parameter for process control to govern the quality of cut. A
series of practice cuts were made and a total of 10 triple torch, double

‘bevel and 1and~(three-surface) cuts were made with high quality cut

surfaces.

The setup for triple torch cuts required that all three cuts be
recorded simultaneously on the video tape recorder. Initially, three
fiber optic cameras were set up but the proximity of the fiber optic objec-
tive lenses to the surface of the plate allowed the reflected preheat '
flame to contact the glass filter holders. This excess heat destroyed the
filters. The camera setup was changed to the earlier configuration of a
stationary camera positioned at the end of the cutting table and arranged

to look directly into the vertical kerf while the two bewel kerfs were

‘viewed at an angle. As the triple torch cuts‘were required for verifi-

cation only, this setup was satisfactory.

The triple torch cuts were difficult to control in the small plate
specimens used for this series of tests. Lacking the heat sink of a large
plate, heat bulldup was a froblem. Since the cut was started from an edge,
it was necessary to use auxiliary preheat to raise the edge of the plate
to kindling temperature for each torch. Considering the extraordinary con~
ditions, it was fruitless to attempt to make a complete set of variable
parameter cuts. Sufficient quality cuts were made, however, to ensure
that the temperature in the kerf was the primary dependent variable.
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The triple torch cuts were monitored by the video camera system with
a zoom lens arranged so that the full length of the specimen was contained
within the video frame. The cutting parameters were identified with each

cut number so that the data could be correlated with the video records.




7. DATA ANALYSIS

Radiometric measurements of the flame cutting process were made using a
television camera and a video tape recorder. A "line grabber™ technique
was used to make quantitative measurements from the recorded video images.
The primary interest was in observation of changes in the temperature of
the cutting front as cut quality was varied. Therefore, relative mea-
surements were made. by keeping all variables constant except surface

temperature.

The spectral radiance L), in W/m2°ster, at wavelength ) from a surface at

temperature T in the interval Aj is given by:

C1 * E- li

= S @)
As (e 2/AT) 201 steradian

3.74 x 1016, y.M2;
1.4384 x 102, M°K;

wavelength (leés than 1 micrometer)

> O 0
N
U

Ail- wavelength interval
T = temperature °K (less than 3000°K)

E = emissivity of surface

For the present case, the optical pbwer impinging on a pixel in the televi-
sion vidicon detector depends on distance to the gource, lens parameters,
and the size of the pixel. The optical power P impinging on a piyel is e
given by:

2
- . L ] l L ] —f— [ 3 * -L L ]
P=L, *p-3 <2F) i D2 K 3
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where:

= wavelength

= agrea of a pixel

= {mage to lens distance
object to lens distance
= focal length of lens

- focal length of aperture

W om o O om >
"

= optical filter transmission

The vidicon detector converts optical power to voltage and the camera-VIR
roster scanning system stores an analog of the voltage on the video tape.
The "line grabber” technique is a means to recover and make quantitative

measurements on the recorded data. Figure 7-1 illustrates the data reduc-
tion process.

IMAGE OF pa0ats
CUTTING FRONT  “LINE GRABBER" 7413
. MARKER

OSCILLOSCOPE
S A
SYNC
MONITOR
-
4, _j\-—.
VTR TRANSIENT X-Y PLOTTER

RECORDER

FIGURE 7-1. ILLUSTRATION OF THE METHOD USED FOR DATA REDUCTION
AND ANALYSIS. The recorded images of flame cuts were broken
down into horizontal scan lines which were displayed on an X-Y
plot for analysis of radiant intensity vs. cut quality.

The reproduced voltage from this system is given by:

V = P+S-GR (%)




where:

voltage out

sensitivity of vidicon

voltage gain of camera

©N O n
]

= record-reproduce gain of VIR

Calibration of this record-reproduce system for absolute temperature
measurements would be a tedious process. We chose to keep all variables
constant and perform data analysis on a relative basis to determine the
effect on the spectral radiance of the cutting surface due to conditions

leading to poor quality cuts.
Taking the ratio of voltage output, Equations 2, 3, and 4 reduce to:

T =
1

1
1_ 2,0

TO c

. 7.1 Video Tape Review

v (5)
v

[V
o

The recorded data on video tape were transferred to chart form using
the "line grabber” technique. The cutting parameter data, the video image
and the "line grabber" presentation were reviewed for each cut and a
sequence of scans was transferred to chart form for each parametric vari-

able series; i.e.,” cutting speed, cutting oxygen, and preheat flame.

7.2 Spectral Radiance Charts

Nine scans were charted for each cut, as illustrated in Figure 7-2.
Three vertical slices (top of kerf, middle of kerf and bottom of kerf)
were taken at the beginning of cut, middle of cut and end of cut to pro=
vide a presentation of spectral radiance data for each cut. An example of
the charted data is shown in Figure 7-3, which also illustrates the dra-

matic effect of cutting at too slow a cutting speed. Typical charted data
for perpendicular, bevel and triple-~torch cuts are included in Appendix D.
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- END OF CUT

__—MID CUT

- START OF CUT, TOP OF KERF

-=MID KERF .

__ — BOTTOM OF KERF

RI318
TBAN

FIGURE 7-2. ILLUSTRATION OF THE NINE POSITIONS ON THE PLATE
SELECTED FOR DATA REDUCTION. Three vertical slices were
taken at three points along the cut.

The spectral radiance charts from the top of the kerf were taken on
a line crossing the kerf directly beneath the torch tip. Thus, the direct
effect of preheat input could be observed on either side of the kerf (for
bevel cuts, the waste side of the cut was ignored). The temperature in
this region increased when cutting speed was too slow or when the preheat
flame was too intense. Figure 7-4 shows the change of relative spectral

radiance at the shoulder of the kerf as a function of preheat input.

The spectral radiance from the mid~kerf region responded slightly to
both preheat and cutting oxygen changes but was less responsive than from
the top and bottom of the kerf, as shown in Figure 7-3.

The spectral radiance from the bottom of the kerf responded dramat—
ically to change of cutting speed, as shown in Figure 7-5. The effect of
cutting speed on relative spectral radiance is shown in Figure 7-6, which
was plotted from the peak value of the bottom of kerf charts. The bottom
of kerf peak value ﬁlso reflects éhangeé in cutting oxygen flow, as shown
in Figure 7-7.
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FIGURE 7-4. CHANGE OF RELATIVE SPECTRAL RADIANCE AS A FUNCTION OF
PREHEAT INPUT FOR PERPENDICULAR SINGLE TORCH CUTS IN 1.5~INCH ARM
PLATE. Preheat oxygen was adjusted for the proper mixture at each

propane flow.
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8. DISCUSSION OF RESULTS

The experimental flame cutting of armor plate was performed in order to
determine the feasibility of an automatic cutting process control. The
cutting-parameters speed, oxygen and preheat were varied to produce a
range of cut quality. The relative spectral radiance from the keff was
recorded on a video tape recorder and the RMS noise ampiitude in both the
plate and the torch assembly was recorded on a strip chart. Correlation
of these data led to the selection of kerf temperature (represented by

spectral radiance) as the most effective dependent variable.

8.1 Selection of Control Parameters

The spectral radiance of the kerf is a very sensitive indicator of
 kerf temperature. The relative spectral radiance measurements made for
this study show that the ﬁemperature of the kerf changed in a predictable
way as the cutting parameters were varied (see Section 7). Further, the
spectral radiance measured at the kerf shoulder and near the bottom of the
kerf at the cutting front indicated in advance the degradation of cut
quality. A simple logic sequence (shown in Figure 8-1) was developed to

determine the cutting parameter which required correction.

The cutting oxygen and cutting speed both were found to affect the
spectral radiance at the bottom of the cutting froat, but the cutting
speed and preheat affected the spectral radiance at the kerf shoulder.
Therefore, taken together the parameters were resolvable, as shown in

Figure 8-2.

Figure 8-3 shows a schematic closed loop real-time process control
system cohcept. In this control system, error signals from temperature
sensors are processed to develop corrective control signals to ‘the cutting
terch. The action to be taken for each measurement condition is shown in
Table 8-1.

8-1




rk = Temperaturs at mid-kerf

T, = Temperature at surface
on shoulder of ker?! froant

CUTTING TORCE CONTROL SEQUENCE

N, = Raference temperazure

for T,
Racucn o §_ = Refersnce temperacure
R318 wata tor T,

Program . . .
T840

FIGURE 8-1. CUTTING TORCH CONTROL SEQUENCE
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MID KERF TEMPERATURE (T,)

KERF SHOULDER TEMPERATURE (T,)

FIGURE

HIGH NORMAL Low
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O | AND/OR CUTTING
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8-2 .

PREHEAT INTENSITY, AND CUTTING OXYGEN FLOW RATE)

R30318
723421

RELATION OF THE MEASURED PARAMETERS (Ty» Ts) TO THE
THREE VARIABLES WHICH AFFECT CUT QUALITY (CUTTING SPEED,
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Y Y Y
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PREHEAT OXYGEN TORCH SPEED
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FIGURE 8-3. SCHEMATIC OF THE CLOSED-LOOP CONTROL SYSTEM CONCEPT
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TABLE 1. CONTROL SCHEME

Condition Response
Ty = hi & Tg = 1o Reduce speed
Ty = ok & Tg = lo Increase preheat
Tx = hi & Tg = ok Increase cutting oxygen
Tk = ok & Tg = hi Reduce preheat
Tk = lo & Tg = hi Increase speed
Tk = lo & Tg = ok Reduce 02 (cutting)
Ty = hi & Tg = hi ‘Reduce preheat, increase 0, (cutting)
Tk = 1o & Tg = 1o Increase preheat, reduce 0 (cutting)
Ty = ok & Tg = ok No change

* Tk ™ temperature at mid-kerf

* Tg = temperature at surface on
shoulder of kerf front

The AE sensor attached to the torch tip was found to reflect changes
in flow condition in the tip. Spatter of molten metal and other causes of
damage to the torch tip could be detected with that sensor.

The AE sensor mounted on the plate indicated the presence of adhering
slag and the occurrence of gouging. But because these conditions were indi-

cated after the fact, the AE response was not selected as a process control
parameter.

The airborne noise from the cutting process was also recorded during
cutting, but many extraneous noises such as machines and motors were also

recorded and these noises masked changes in the cutting process noise.

8.2 Bevel Cut Verification

A series of 61 bevel cuts were made to veflfy that the temperature
of thelgutting front was a suitable process control parameter. It was
found that spectral radiance varied with cut quality, as with the perpen-
dicular cuts. This is illustrated in Figure 8-4, which shows the effect
of cutting speed on the spectral radiance.




RELATIVE SPECTRAL RADIANCE
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'FIGURE 8~4. EFFECT OF CUTTING SPEED ON RELATIVE SPECTRAL
RADIANCE FOR LEVEL CUTS IN 1.5~-INCH ARMOR PLATE

8.3 Triple Torch Verification

A series of triple torch cuts were made in armor plate to verify '
that the cutting front temperature was a dependent variable, even though
heat input was from three separate sources. Comparison of the. spectral
radiance charts from the triple torch cuts indicated that a similar rela-
tion existed between cutting front temperature and cut quality. Use of
small @Plate specimens precluded development of a series of cuts with a
parametric variation, as was done with perpendicular cuts. With input

from three torches, the heat bui;duﬁ in the plate was excessive.




9, CONCLUSIONS AND RECOMMENDATIONS
The feasibility study to evaluate the oxyfuel gas cutting process, through
experimental data and literature search, has shown that flame~cut quality
depends upon .the temperature of the(metal at the cut and the proper combus—
tion mixture of oxygen and metal. These two conditions are interactive
because both the torch travel speed and the cutting oxygen affect the metal
temperature and the oxygen—-metal mixture. The preheat flame, however, pri-
marily affects the metal temperature and provides kiﬁdling temperature for
cut initiation. Since the speed, cutting oxygen, and preheat interact and
have overlapping effects, it was necessary to identify variables which
could be used to sort‘out the cutting parameters and determine which should
be adjusted when cut quality began to deteriorate.

The feasibility study has shown that the quality of cut could be control-
led by monitoring the metal temperature at two points on the kerf: first,
the shouylder of the kerf inside the preheat flame impingement zone, and
second, the lower half of the kerf at the cutting front. The experimental
data has also shown that the material thickness and chemical composition

of plates (i.e., fabricated by different manufacturers) do not affect the
temperature control parameters in any significant way.

The feasibility study has also demonstrated that high frequency acoustic
sensors could be used to detect abnormal tip/torch conditions as well as
flame cutting conditionms.

A real-time closed loop system has been described in this report. It is
highly recommended that such a closed loop proof test model be developed
and tested; and, after a successful demonstration of the proof test model,
that a prototype model be manufactured, and evaluated at the Lima Army
Tank Plant before making prodﬁction models and installing them on all the
cutting machines at the Lima Plant.
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APPENDIX B

EQUIPMENT AND CUTTING TECHNIQUE DEVELOPMENT

Equipment Development

(L

(2)

(3)

(4)

The track assembly for the cutting machine carriage was too flexible
for the experimental setup. The track was reinforced by tack weld-
ing 1" x 1-3/4" x 72" steel bars for stiffening. In the initial
testing the track was also used as a tracking cart for the TV
camera. This was later eliminated in favor of remote viewing to

protect the lenses and equipment.

The carfiage had to be counter-weighted and caused some tipping of
the torches at times. The machine carriage speed control dial was
not marked in fine enough increments to determine accurate speeds.
A stop watch and travel distance measurement were necessary to

determine travel speed for each setup.

The cutting torch~rack and positioning assembly for bevel cutting
was found to be inadequate for accurate setups. Both the rack gear
for height control and a protractor measuring device for angularity
of individual torches were lacking. This hindered the repeatability
and dimensional accuracy of the resulting bevels that might be

necessary.

Because of inadequate torch positioning devices, it was very diffi-
cult and time-consuming to establish accurate torch-to-work stand-

off distance.

Cutting table supports for leveling of plate specimens was critical
and some cutting table modifications were necessary. Removable bars

and pyramid supports were installed.




(3)

Actual flow rates for cutting oxygen for the larger tips (Nos. 3, 4,
and 5) were got measurable on the flow meter provided. For future

work, a larger volume flow meter will be necessary.

Cutting Technique Development

(1)

(2)

3

(4

Cutting parameters (i.e. preheat, cutting, oxygen and travel speed)
were found to cover a wide range of variability using a proper sized
tip. This was quite prominent for straight cuts. Gouging, top edge
melting and loss of cut were made only with extreme changes in param—
eters. This work on straight cuts was done primarily with MTHN tips
(natural gas, machine, high preheat, and high speed tips).

Bevel cuts were difficult to make for several reasons. The param -
eters affecting the quality of cuts included the leveling of the
plate, the stand-off distance (maintaining), the tip size and the

proper preheat. Much more preheat was needed for bevel cutting as
compared to perpendicular cutting- '

In making triple torch cuts, pausing of the travel to 1ﬁitiate the
second and third torch cuts was unsuccessful because it caused goug-
ing in the first torch cut. Triple torch cuts could not be started
at the edge of the plates without using an additional hand torch for
preheating. This preheating was required at both the top and bottom
edges of the plate. '

The fiber optic sensors installed on the torch racks were a problem
when adjugtments in the torches were required. Sometimes the sensors

had to be removed to make the necegssary adjustments.

Plate temperatures were maintained from cut to cut by water cooling.
However, plate temperatures were not measured or recorded. Plate

temperature was not considered to be a critical variable for this
study.
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RAW DATA SHOWING VARIOUS CUTTING PARAMETERS
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APPENDIX D

TYPICAL TEMPERATURE PROFILES FOR SINGLE TORCH PERPENDICULAR
AND BEVEL CUTS, AND TRIPLE TORCH CUTS




1274

U PN, >)x \\, A O j))\r - /\“\ji\ri obh. r()?ﬁ/)\,? <\7\</>\;

A A WA el r;)\.?\r\<4 R VS VA

AN At

f.-l\ttc&

vtq»wue».\\.
np.s D

04 &y




Py s¢e

kY 4
vt v wA 02 LR A VUV~ NN Y T RS LA TRRY

- et YAl )

é..?.\/\laﬂ oY

- 088

os9

2 = redad

9.6 1990 O/4
Al g A9
100tk




st2
$5#47? on?

U . . . s - . sts
) RN, g PNV LW N | o8h VT Ly ~ o\ S8h (Al (/ \/7;7) o\

o

7?)?51 s8s

T AR VA
| | [

M

NV

Si= z&\—\g

P PRLE: Y
29 » LD B
1® &




obL
Sés
>s

-y Clomn, N Ol
- Iy ./. QQ} ,5:\..‘( .
S Ay . VY VR Vo KoL A \.{ .. \5\/ $Z —\./\, \< VN

TNV ses

- . . M \U a“ GI"“I»-:\.".. .
- . . M ses (Ao A —
SV E/\—LS Ao ~

)1

AnNgd 009

LTV

A= e

op PPN OPOM

. StaAO
14016




so8

€8 Lo08 .
NV AN VI VT BN __/ VTV 0% Sy e, AT WA 008

kv \.C,/~.e,,\mr

SN ))?;/. o /\\/\/E,?L(u o€s L oA

T yewner v .. YW obe

S \«As e Sk S

-

12 = 2wodord,

Quﬂ 133y 0308
WU p Ao

120) 6y




avs sts \ -t
och ﬁi/\‘ﬂ oah ﬂ’l\d’\(’ o3
o5 % ses “/)ﬂ sts
sLS % obS 2(\/\\? v ox?
Gt..vuc omga
Wik » A%
! 0 3 t
P




ma -

= ssh
SES
oS
i .3.3&3‘&
P8 P o30n
.74 2 47D
1 *°r Yy

cs

TN oLk

STS

o8s

cc2

Obh

SHS

Y -1







414

st8
g}ﬁ st %1 =

o

. o
™~
% .

S8
o

A
AS

s

SbS ﬂ’<d\f)\l 08s

9 5 V93w O
Qh‘ AMD

1401




248

T

.‘
E (173 | e

u\ 108y 03044
184 7D
120} &

ots




S04

AR obh

obs

24t 1Y 0rgi
28 4™
R

206 b8

084

P 0hs ocs
| N, T Sks o8s




regs

Ny

‘wd? 0/
(02345 stsdng)
Lon 1990 o004
9L deme, OWA

:ﬁ:o

sig

[+ 2

ash

T




“wa Lo® tvg

b LeTTTSPE o e - E ,.
" : o . . ; SeE

¥ A,K, ) T o \ WIS SLE . T T - s\:.n\l LT T T e
WV - (/13
/( \ J\ \\\ ™~

e vmmran s o n e e meem oy e ——— e ¢ e e &

o e . b T L\e\i
. , /\ ~

wol 1"
(03248 twuaand)
A ‘JUW« o4




£

AN ey
wdl u\ﬂs
ﬁe-&m oniasn)
L o199 09014
old A> ©30/4

hdm....u

- AN

4T 8

9¢8

ste

= e R




M u\ub\v&

Wy A€
Cuoavs bni12and)
L 192Y 00N
t 1E8 osgis
_ .w«m.»:o

sTC

obf

0%




ASH

AW~
-

e e e e 2

Ao Y

swashas 25072 Ay

waveyL I sierd
Am9 §¥p°‘§ Q\“

Awgy ¥RUAY LnD LSOV
PYT-A L Bl ad (22043

wgs S!
ﬂgn YA F)]
L 192V 09014
& 'AD 03044

13 M D

% eS8




!

o e

wol§
(09905 3~veasmD)
L 4233 030/
T4 4> 09qn

- in)
se-g - )

o AT l..,., - e e i “ﬁ“
o4t
o%h




cAé L4

s, T

AT

wdr 8
ﬂtvw\n 9~124MD)
L "% 030
LT A9 030N
-~ 9€-Q , 4nd

*

sttt

S




U UUV — -
W

NSO W
e

ﬂouw\n 9wramD)
L 1% 03011
' 446 °2D 020
-
e .slbsu




A? s

R P
STE

oLk

wdil C/
LS4 $72-d

0945
N\— Axo u...:rsuv

8 0 "3V 03004

€A ‘L3 o3QIA
- L

-9 - 2




MHIYOL 9rrywyvl NOYEL 00w HOVOL DMIOWRY
RS . R e = e
N /\Ju./\ ﬂ\/: - - — Ns“
\4:.-\
Q.A ﬁ
FOT [ ld
[ 241
new
. . O
—o -
T .(/\l oLs
e
bon, x
" neIwv
% gs3bnon 2334 . 16%0D 9agIA
72 SV Fooob & 5/ ~ 2deag ~ensog
Vo - qavy
Q08D 1Ia3g Joi
avd Mvd JoVq ¥ LoV
~ixT8
]
. b g 1™ .
dN-13g VY 9t '
. -
- . R i
e




MNIYOL » )
" P/ WIYL Noyest Nee'w NIVOL GWeCeay

[ LY |<_.n..~f cros h
ey . Vi, o
/\ /\.\\L :/.}/\l

oLh

(e oIMOTIS
~one OV e

« patnod » "W VRl
)

Lvwas AV ge®?

yo - gNvY
oS

900~ 3198 J04

eNSININYG 1M W
v eoLyvas

y5- wdZ8 L
owed 03" €.d9
Ly g1a mover buievd?

~‘ AW

Jn- 102 NWPRL F Rl L




N vas SNt Hovar 100w H3IVOL Perovay

. ANNOD
0301

AnD Qo009
P g AW
dn-138 YOL NVE




-

WoyoL W 4l d

wvar 3vovs?
|

WINQL Drvr S Ph

h&vg o ¥0 N0

Ao karvng 0e0d YWIN0
AnD FWIsNa v re
’ » AND

n- ass WL YL

stLe

1113

Lev9 0D
oW




